[1] Many studies suggest that high-elevation regions may be among the most sensitive to future climate change. However, in situ observations in these often remote locations are too sparse to determine the feedbacks responsible for enhanced warming rates. One of these feedbacks is associated with the sensitivity of longwave downward radiation (LDR) to changes in water vapor, with the sensitivity being particularly large in many high-elevation regions where the average water vapor is often low. We show that satellite retrievals from the Moderate Resolution Imaging Spectroradiometer (MODIS) and Clouds and the Earth's Radiant Energy System (CERES) can be used to expand the current ground-based observational database and that the monthly averaged clear-sky satellite estimates of humidity and LDR are in good agreement with the well-instrumented Center for Snow and Avalanche Studies ground-based site in the southwestern Colorado Rocky Mountains. The relationship between MODIS-retrieved precipitable water vapor and surface specific humidity across the contiguous United States was found to be similar to that previously found for the Alps. More important, we show that satellites capture the nonlinear relationship between LDR and water vapor and confirm that LDR is especially sensitive to changes in water vapor at high elevations in several midlatitude mountain ranges. Because the global population depends on adequate fresh water, much of which has its source in high mountains, it is critically important to understand how climate will change there. We demonstrate that satellites can be used to investigate these feedbacks in high-elevation regions where the coverage of surface-based observations is insufficient to do so.
Introduction
[2] Observations in high-elevation regions during the latter half of the 20th century suggest that they may be more sensitive than other regions to climate change [e.g., Diaz and Bradley, 1997; Liu and Chen, 2000; Rangwala et al., 2009] . In some mountains, minimum, maximum, or mean temperatures have warmed at a greater rate (1°C-2°C in the last century) than the global average [e.g., Diaz and Bradley, 1997; Beniston et al., 1997; Liu and Chen, 2000] . Moreover, within many mountain regions, an elevation dependence on surface warming is observed, with greater warming rates at higher altitudes [e.g., Beniston and Rebetez, 1996; Liu and Chen, 2000; Rangwala et al., 2009; Qin et al., 2009] .
[3] Observations and modeling studies have suggested that increasing influences of snow and ice albedo feedback mechanisms during spring and summer are important in causing an elevation-dependent warming in high-elevation regions [e.g., Giorgi et al., 1997; Chen et al., 2003; . However, clouds and water vapor are also potentially important in high-elevation feedback loops [e.g., Chen et al., 2003; Rangwala et al., 2009] . The longwave radiative effect caused by increases in atmospheric specific humidity during cold seasons was found to contribute to the rapid increase in the late 20th century surface warming across the Tibetan Plateau [Rangwala et al., 2009] . The midlatitude boundary layer, particularly at high elevations, is expected to be undersaturated in longwave absorption in the water vapor absorption lines [e.g., Ruckstuhl et al., 2007] . Therefore, an increase in surface water vapor content, especially during winter when the specific humidity is lowest, will cause a large increase in the longwave downward radiation (LDR) at the surface [Philipona et al., 2004] .
[4] Despite numerous studies of high-elevation climate change, there are still major limitations in quantifying the processes responsible for these changes. Difficulties arise because of limited spatial and temporal resolution of data sets, interdependence among multiple climate variables, and a lack of observations for some important climate variables. One way to increase the number of observations is to incorporate satellite data into the analysis. Qin et al. [2009] found elevation-dependent warming in a wider portion of the Tibetan Plateau when they added satellite-derived surface temperatures to their surface observations.
[5] However, the impact of less accurate satellite observations over rugged snow-covered terrain on the evaluation of climate feedbacks needs to be assessed. For example, Yang et al. [2008] have found that computed surface longwave fluxes obtained by the International Satellite Cloud Climatology Program are much less accurate over regions of highly varying elevations such as the Himalayas. This is caused by larger uncertainties in temperature and humidity profiles that can affect the accuracy of surface flux computations [e.g., Zhang et al., 2006 Zhang et al., , 2007 . However, full assessments of satellite-derived quantities in highelevation areas are rare, mostly because "ground truth" is not available.
[6] In this paper we investigate whether satellite retrievals and computed surface fluxes can be used to quantify the magnitude of the longwave downward radiation-water vapor relationship in the water vapor feedback loop by comparing them with observations under clear-sky conditions at a well-instrumented site in the Rocky Mountains in southwestern Colorado. Since the mid-1990s, this region has experienced one of the largest increases in surface warming in the contiguous United States [e.g., Pepin and Losleben, 2002; . Because this region contributes significantly to the annual flow in major streams and rivers (e.g., Colorado and Rio Grande), it is paramount to isolate factors and mechanisms that can cause rapid warming there and in other high-elevation regions.
Data and Method
[7] Ground-based and satellite measurements were collected for the period 2005-2010. Cloudy situations were discarded, and the remaining data points were monthly averaged over the San Juan Mountains in southwestern Colorado. We use monthly means in order to reduce the variability caused by an imperfect cloud-clearing process, but we also tested our results with hourly coincident data.
[8] The Center for Snow and Avalanche Studies (CSAS; www.snowstudies.org) provides ground-based observations of temperature, relative humidity, snowpack depth, and longwave downward flux in the San Juan Mountains, at the Senator Beck Study Plot (37.9°N-107.725°W at 3719 m, in alpine tundra), and at the Swamp Angel Study Plot (37.9°N-107.711°W at 3368 m, in a subalpine meadow). The longwave fluxes are measured with a Kipp and Zonen model CG4 pyrgeometer, which has a 180°field of view. The CG4 is designed to minimize the effects of window heating in direct sunlight during daylight measurements. The air temperature and relative humidity are measured with a Campbell-Vaisala model CS500-U Humitter®. All measurements are obtained every 5 s and available as hourly averages during the period 2005-2010. Measurements were removed whenever instances of snow accumulation on the radiometer at Swamp Angel were detected based on the correlation between a sudden increase in longwave flux and in snow depth that did not occur simultaneously at Senator Beck.
This left a total of more than 44,000 h at both sites when all measurements of interest were available at both locations. Because there is no cloud-observing system in place at either site, we rely on the satellite observations for cloud clearing.
[9] The NASA satellites Terra and Aqua were launched in 1999 and 2002, respectively, and both host the Moderate Resolution Imaging Spectroradiometer (MODIS) [Salomonson et al., 1989] and the Cloud and Earth's Radiant Energy System (CERES) [Wielicki et al., 1996] . The MODIS has 36 spectral bands ranging from 0.4 to 14.4 mm. Two bands are imaged at 250 m resolution, another five at 500 m, and the remaining bands at 1 km. The swath width is 2330 km, and global coverage is obtained every one to two days. MODIS precipitable water vapor (PWV) retrievals [Seemann et al., 2003] are available in the MOD07/MYD07 files (collection 5) [Seemann et al., 2006] and collected, for both platforms, for 2005-2010 at times when Terra or Aqua overpasses the San Juan region. Precipitable water vapor is the integration of retrieved moisture profiles obtained using a statistical regression method based on seven MODIS infrared channels [Seemann et al., 2006] . Seemann et al. [2006] reported that the MODIS PWV (of collection 5) has a small dry bias ($0.5 mm) and an uncertainty of 2 mm when PWV <15 mm for a continental location (Southern Great Plains Department of Energy Atmospheric Radiation Measurement site). MODIS PWV is only retrieved when the MODIS cloud mask [Ackerman et al., 1998 ] indicates with high confidence that at least 20% of a pixel is clear. However, we only use retrievals when the cloud mask indicates, with 99% confidence, that the entire 5 km Â 5 km pixel is clear.
[10] The CERES scanning radiometer measures top-ofthe-atmosphere (TOA) radiances in three broadband channels (0.2-100, 0.2-5, and 8-12 mm) at 20 km resolution. Fluxes are obtained using an angular distribution model. Then vertical profiles of longwave and shortwave fluxes are calculated using a radiative transfer model [Fu and Liou, 1993] that incorporates MODIS cloud retrievals and the GEOS-4 (more recently GEOS-5) Data Assimilation System [Bloom et al., 2005] reanalysis meteorological profiles. The calculated TOA flux is then compared with the measured TOA flux, and the cloud properties and/or meteorological profiles are adjusted before a new radiative transfer calculation is performed and a TOA flux closer to the observation is obtained [Charlock et al., 1997; Charlock et al., 2006] . The fluxes are calculated at five tropospheric levels, and since they are constrained by the TOA fluxes, we refer to these surface-level fluxes as "constrained" fluxes. CERES cloud and radiative swath files provide computed constrained fluxes up to February 2010, as well as surface-only fluxes calculated with two different models (models A and B) [Gupta et al., 2010] . In section 4 we show how the different models compare with the ground-based observations and explain why the surface-only fluxes from models A and B were not chosen. These files are collected for the same times as MODIS, and clear-sky surface longwave fluxes are extracted. We collect the clear-sky downward longwave surface fluxes (hereafter referred to as the longwave downward radiation, LDR).
[11] Terra and Aqua overpass the Senator Beck Basin twice a day, and we extract PWV in the 5 km pixel closest to the site (i.e., the distance between the pixel center and one of the sites is less than 0.05°). We perform the same operation for CERES-computed fluxes. Because CERES has a larger field of view than MODIS, this may cause some errors when scattered clouds are present, i.e., the fluxes may be overestimated when clouds present in the 20 km region are not in the 5 km pixel observed by MODIS. We next investigated the potential errors that would be introduced by averaging the MODIS PWV over a 20 km Â 20 km region centered on the site as compared with the 5 km Â 5 km retrievals. We found an average difference between the 20 and 5 km PWV estimates of 0.3 AE 0.7 mm, with a scatter confined within 2 mm, which is within the retrieval uncertainty reported by Seemann et al. [2006] . Consequently, we decided to retain only the 5 km pixel closest to the sites for MODIS PWV to ensure a better match with the ground-based sites.
[12] There were a total of 8147 MODIS measurements performed in close proximity to the sites for the 2005-2010 period, of which 4012 were available in clear-sky situations. These coincided with a ground-based measurement in 2318 cases. There are no archived CERES observations available after March 2010, and some of the files are missing during the other months, removing 1184 points from our data pool. Sometimes the LDR flux estimates are erroneous (values greater than 10,000 W m À2 ), and this removes another 83 points. In total, there were 1047 hourly coincident instances when ground-based, MODIS, and CERES measurements were available in clear-sky conditions. This yields an average of 15 hourly clear-sky measurements per month, but we require that there be at least 10 hourly coincident measurements per month to calculate the monthly means of humidity and longwave flux. This provides 62 months for comparison.
Comparison Between Satellite-Retrieved PWV and Ground-Based Specific Humidity
[13] To our knowledge, MODIS PWV retrievals have not been evaluated over high-elevation regions. Because of the large variations in altitude to be expected in the 5 km Â 5 km MODIS pixels and the extreme dryness these locations may experience, errors may occur and need to be evaluated. One major obstacle is that PWV is rarely measured from the ground, and radiosoundings are not available in these remote locations. Therefore, we compare ground-based specific humidity q with satellite retrievals of PWV and refer to previous similar comparisons, such as those of Smith [1966] , Liu [1986] , Adedokun [1986] , or Ruckstuhl et al. [2007] (hereafter referred as R07), who used GPS-derived PWV in the Alps.
[14] First, we perform this comparison for the CSAS sites. Figure 1a and Figure 2 show that the relationship between q and PWV is nonlinear for both the monthly and hourly coincident cases, with the slope for low values of q being about half that for high values of q. If we examine specific humidities above and below 2.5 gkg À1 separately, we find that the relationships are nearly linear in both ranges with a slope of about 2.5 mm(gkg À1 ) À1 for values above 2.5 gkg À1 and about 1 mm(gkg À1 ) À1 for values below 2.5 gkg À1 . The slope at Senator Beck for winter is about the same as R07 found for their highest site (Jungfraujoch, 3580 m), while the slope for summer is closer to the estimate they found for their lower-altitude sites (e.g., Payerne, 498 m). This is consistent whether using hourly coincident or monthly observations (Figures 1a and 2) , although hourly coincident observations display a larger scatter, particularly in summer. We find that a polynomial fit encompasses both regimes with a higher correlation coefficient than the two linear fits and is consistent with earlier studies such as those of Liu [1986] for global oceans and Adedokun [1986] for West Africa. However, as shown by Adedokun [1986] and later by Gautam et al. [1992] , this polynomial relationship is not universal and changes with location. Adedokun [1989] finds that a simple polynomial relationship of the type PWV = aq b fits their observations over West Africa during the rain season but the coefficients change during the dry season.
[15] To explore further the possibility of a more universal PWV-q relationship, we used ground-based observations collected between 2001 and 2010 at 12 weather stations across the United States, provided by the National Climatic Data Center through their Climate Data Online service. These stations were arbitrarily chosen so their locations cover most climatic regimes available in North America (see Table 1 ) and their altitude varies from 3 m (Fort Lauderdale, Florida) to 2388 m (Yellowstone Lake, Wyoming). Hourly measurements of relative humidity, temperature, and pressure were combined and averaged to obtain monthly means of ground-based specific humidities. Clear-sky conditions were ensured by using ceiling measurements that were also provided in the files. The specific humidities were then compared with colocated MODIS level-3 monthly PWV retrievals.
[16] Combining these different locations, we find that for q > 4 gkg À1 , the relationship is similar for all locations ( Figure 3a and Table 1 ) with a linear fit and an average slope of 2.5 AE 0.3 mm(gkg À1 )
À1
. This is consistent with the result found by R07 for their lowest locations and with Figure 1a . However, for those sites that are dry enough for q to become less than 3 gkg À1 ( Figure 3b and Table 1 ), the slope of the linear fit obtained for all q measurements less than this threshold decreases with altitude from 3.1 mm(gkg À1 ) À1 at Augusta (Maine, 109 m) to 0.6 mm(gkg À1 ) À1 at Yellowstone Lake (Wyoming, 2388 m). These slopes are only given in Table 1 for the sites that had enough points to perform the regression (at least 25) and for which the correlation coefficient was greater than 0.6. A nonlinear fit of the type suggested by Adedokun [1986] was also tested, but the coefficients also changed among the different locations (not shown). Figure 3b suggests that the range of MODIS PWV values diminishes with altitude at a faster rate than does q. This is consistent with the work by R07, who found that GPS-derived PWV decreased faster with elevation than q in the Alps. However, here we find that this is only true for low values of q and does not apply at Senator Beck during summer months. For these months, we suspect that largescale conditions affect the entire atmospheric column humidity content more than they do the surface. However, it is difficult to establish why this was not observed by R07 in their study in the Alps. It is unclear whether the enhanced PWV decrease with increasing altitude is caused by a more rapid depletion of humidity in the entire atmospheric column (as observed by MODIS) than close to the surface where land-air interactions may provide a steady source of moisture even at high elevations. We speculate that the altitude dependency of PWV for low-humidity regimes is real. For Figures 1a and 1b , the colors represent each season: red, winter; yellow, spring; blue, fall; and green, summer.
[17] We also explored an empirical relationship proposed by Smith [1966] that relates PWV and q through a parameter l:
where P 0 is the surface pressure and g is the gravitational acceleration. Smith [1966; equation (7) ] uses the mixing ratio, while here we use q instead. Using monthly observations of the 12 weather stations, we calculated l and checked its dependency on altitude and q (see Table 2 and Figure 4 ). For all sites that were at an altitude below 1000 m, l is fairly Figure 4 shows a slight change in values of l for q less than 5 gkg À1 for all sites below 1000 m, but for sites above 1000 m, there is a large scatter in l (large standard deviation and large difference between all q values and high q values), suggesting that the relationship proposed by Smith [1966] may not describe high elevations as well as low elevations. This additional result confirms the dependency of PWV on elevation in dry conditions.
[18] These different comparisons suggest that MODIS PWV retrievals are accurate at high elevations and relate to surface q in a manner found in previous studies. We found no reason to believe that the accuracy of the retrievals is degraded with altitude. For the driest conditions, the dependency of PWV on elevation is consistent with the earlier results of R07 that were obtained in a different location and with a different type of instrumentation.
Comparison of Ground-Based and SatelliteDerived Longwave Radiation
[19] A major issue with satellite-derived surface fluxes is that they are not measured directly, but they are calculated with a radiative transfer model based on ancillary cloud and meteorological information. In particular, longwave fluxes are strongly dependent on the surface and near-surface properties [Schmetz, 1989; Zhang et al., 2006 Zhang et al., , 2007 Here we assess the performance of the CERES surface flux calculations at higher elevations using the CSAS measurements. We directly compare the CEREScomputed constrained LDR with surface-based observations at the hourly coincident and monthly time scales.
[21] In section 2, we explained that the CERES files contain three different downward longwave surface fluxes: surface-only model A [Inamdar and Ramanathan, 1997] , surface-only model B [Gupta et al., 1992] , and the "constrained" surface flux. Using the ground-based hourly coincident fluxes, we evaluate the accuracy of the three CERES fluxes. Figure 5 shows scatterplots of the three comparisons when CERES observed the CSAS sites during the 5 year period. Model A (Figure 5b) gives overestimated fluxes for the Senator Beck Basin, and only a limited number of points are computed (only computed when absolutely clear). Model B fluxes (Figure 5c ) are also overestimated, and the difference increases with LDR. There is more scatter in the Figure 2 . MODIS PWV versus ground-based specific humidity q at the CSAS sites for hourly coincident observations in winter, spring, summer, and fall. The black dots are the same in all panels and show all seasons. The lines are identical to those of Figure 1 , with the dashed line showing the linear fit for q > 2.5 gkg À1 and the dotted line for q < 2.5 gkg À1 (note that the dotted line is almost superimposed on the solid line). The dot-dash line is a polynomial fit, and the solid line is the linear fit that R07 found for clear-sky observations at Jungfraujoch in the Alps.
"constrained" surface flux product (Figures 5a, 5d , 5e, and 5f), but overall the agreement with ground observations is better than with the surface-only computed fluxes, as the average biases for all seasons are 6.5, 26.1, and 53.0 W m À2 for the constrained model, model A, and model B, respectively. Therefore, we decided to use the constrained CERES product for the rest of this study.
[22] The constrained fluxes show several clusters of outliers, depending on the season. Spring and fall have the least scatter for the hourly coincident observations (Figure 5e ). In summer there is a cluster of outliers where CERES LDR is larger than ground-based values (Figure 5f ). This may occur when clouds are present in the CERES field of view but not visible to the ground-based radiometer or in the 5 km MODIS pixel (i.e., in cases of scattered clouds). The opposite occurs in winter, when there is a significant cluster of ground-based fluxes with LDR larger than CERES values (Figure 5d ). This may be caused by clouds present over the site but not detected by MODIS; passive radiometers have difficulties in detecting clouds over bright surfaces such as snow and ice, as it becomes difficult to delineate a bright object over a bright background [Ackerman et al., 2008] . These outliers cannot be easily eliminated from our study because of the lack of an efficient cloud-clearing procedure, but monthly averaging reduces these effects. A thorough examination of these outliers is not possible at present with the observations at our disposal but will be the object of further investigation.
[23] Figure 1b shows the comparison between monthly means of CERES-computed and ground-based observed LDR. The fit to the linear regression line has a squared correlation coefficient of 0.76 and a slope of 1.1 AE 0.1 (unitless). On average, for all seasons, CERES fluxes are overestimated by 7 W m À2 with a standard deviation of 19 W m À2 (a bias similar to the one obtained with hourly coincident observations). Surprisingly, we find a positive bias instead of the negative bias found by the CERES/ARM Validation Experiment cited above. This may be due to a dependency of the bias on elevation. The red points are for winter when LDR is lowest, with more scatter than in other seasons, as discussed above. We also note that the range of fluxes for the groundbased observations is slightly wider in winter than in other seasons, i.e., there is more variability in winter in this mountain basin, classified as a "continental" snow climate [Mock and Birkeland, 2000] . The green points are for summer, when LDR is largest, and the CERES values are biased somewhat high compared with those of observations, consistent with the cluster of overestimated CERES LDR in Figure 5f .
Relationship Between Surface Downward Longwave Flux and Water Vapor
[24] If satellite retrievals are to be used to investigate the water vapor feedback loop at high elevations, they must be Figure 3a but only for q < 3 g kg À1 for those stations that were dry enough. able to capture the sensitivity of LDR to changes in water vapor, and in particular be able to capture the high sensitivities when the atmosphere is dry. In this section, we compare satellite-derived sensitivities with those obtained from in situ observations, as well as with results of R07. Figure 6 shows the relationship obtained when using ground-based LDR and q and the relationship obtained with CERES LDR and MODIS PWV. In each plot we give the fit obtained with the observations used here as well as the fits that R07 found for sites in the Alps. In the Alps, using ground-based measurements, R07 reported a fit of LDR = 150.2q 0.35 for clear sky and 181.4q
0.29 for all-sky conditions. We find here, for clearsky conditions, LDR = 163.6q 0.27 . Figure 6a reveals that the Senator Beck observations agree best with R07's clear-sky fit, but some of the summer measurements depart from the clear-sky fit, which causes a discrepancy in the exponent. The relationship found here using CERES and MODIS is also consistent with that found in the Alps using GPS for PWV measurements (R07), albeit for all-sky measurements (Figure 6b ). The fact that both satellite-based and surface measurements are affected by the same problem in summer (the fit deviates from the R07 clear-sky fit) could be related to how the cloud masking is done at Senator Beck, i.e., as also suggested by Figure 5f .
[25] To verify that the relationship we find using the satellite observations is robust, we extend the number of locations to include Davos (46.8°N-9.81°E, 1801 m) and Jungfraujoch (46.55°N-7.98°E, 1833 m) in the Alps, Storm Peak in the northwestern Colorado Rockies (40. 455°N-106.744°W, 2665 m) , and Ge'er (32.30°N-80.05°E, 4952 m), Naqu (31.29°N-92.04°E, 4795 m), and Lhasa (29.40°N-91.08°E, 4476 m) over the Tibetan Plateau. For each of these sites, we extract the CERES LDR and MODIS PWV monthly means (from level 3 files, using CERES_AVG for monthly constrained fluxes) and plot the relation between the two observations for all sites and all seasons in Figure 7 . Note that the altitudes given here correspond to the average altitude of the 1°grid cell that encompasses the site, as provided in the MODIS files. Thus they do not necessarily match the actual altitude at the latitude-longitude point indicated above, i.e., the Senator Beck Basin is at 2792 m rather than above 3500 m.
[26] The overall relation between LDR and PWV is LDR = 156.6 PWV 0.22 , with 95% of the variance explained. The scatter around the fit increases with PWV, but there is no obvious dependency on altitude. Because the satellite observations are tested here for their ability to provide reliable fluxes and water vapor measurements in dry conditions, Figure 7b expands the scale of Figure 7a to show the relationship for low values of PWV (PWV < 5 mm) more clearly. A regression is performed for this subset: LDR = 154.1 PWV 0.25 with 91% of the variance explained. Since this fit is very close to the clear-sky fit shown by R07, it provides evidence that MODIS and CERES obtain the high sensitivities under dry conditions that are found at high elevations, and they can be reliably used to examine the water vapor feedback loop. We found that the relationship is very similar when using the hourly coincident data (not shown), even though the variability is then greater. With this latter fit, we find that a decrease in PWV of 1 mm from PWV = 2 mm causes a decrease in longwave flux of 29 W m À2 while a decrease in q of 1 gkg À1 at Senator Beck from 2 gkg À1 causes a decrease in longwave flux of 34 W m À2 , with both data sets giving very similar sensitivities.
Conclusions
[27] Although there has been progress in identifying climate change in mountain regions, there is still considerable uncertainty in understanding the feedbacks that contribute to these changes, often different from the global mean or their regional environment. We provide evidence that satellite retrievals can be used to expand on ground-based measurements for both the spatial and temporal scales of important climate variables to investigate potential feedback mechanisms in high-elevation regions, with a focus on the water vapor-LDR feedback loop.
[28] The relationship between MODIS PWV and surface measurements of specific humidity q were consistent with previous studies. We find that PWV and q are linearly correlated for specific humidities greater than 4 gkg À1 and the ratio is mostly independent of location and elevation. However, at low values of q, the relationship between the two is no longer independent of elevation as PWV begins to decrease more rapidly with increasing elevation than q. This is also observed when using the empirical relationship between PWV and q proposed by Smith [1966] ; however, our results indicate that the relationship becomes less accurate for low values of q and elevations above 1000 m. MODIS PWV retrievals in low-humidity conditions behave similarly to the GPS estimate tested by Ruckstuhl et al. [2007] in the Alps. Note that GPSderived PWV values are more accurate than those of satellite retrievals [e.g., Li et al., 2003] . Overall, we do not find that MODIS PWV retrievals degrade with elevation.
[29] We have demonstrated that the CERES monthly averaged LDR (not measured directly but computed), as well as the sensitivities of LDR to changes in water vapor, is consistent with surface measurements at a well-instrumented high-elevation site ($3500 m) in southwestern Colorado. Because surface longwave fluxes are decoupled from the top-of-the-atmosphere-measured outgoing fluxes outside of the window region and in cloudy conditions [Schmetz, 1989] , CERES LDR is computed based on surface and atmospheric profiles of temperature and moisture. As such, its accuracy at high elevation is highly dependent on the accuracy of temperature and moisture information.
[30] The sensitivity of LDR to changes in PWV is also consistent across different mountain ranges (Alps, Rockies, Himalayas). The results are consistent with a similar study performed in the Alps [Ruckstuhl et al., 2007] . Owing to the nonlinear relationship between LDR and water vapor, the sensitivity of LDR to changes in water vapor is much greater when the atmosphere is dry. Since higher elevations are generally drier than lower elevations, we expect a greater sensitivity of longwave fluxes to changes in water vapor at higher elevations. Although hourly coincident comparisons of LDR indicate that there can be significant errors in the instantaneous satellite retrievals, most likely owing to an inadequate cloud-clearing process, the monthly averaged results support our contention that satellite retrievals can be used to extend the observational database of atmospheric water vapor in high-elevation regions and that they can be used to examine potential water-vapor feedbacks in these otherwise data-sparse regions and thus provide a better understanding of climate variability in mountains.
